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Abstract 
Objectives: This study examined if people with Parkinson’s and freezing of gait pathology (FoG) could be trained to 
increase preparatory weight-shift amplitude, and facilitate step initiation during FoG.
Methods: Thirty-five people with Parkinson’s and FoG attempted to initiate forward walking from a stationary posi-
tion caused by a freeze (n = 17, FoG-F) or voluntarily stop (n = 18, FoG-NF) in a Baseline condition and two conditions 
where an increased weight-shift amplitude was trained via: (i) explicit verbal instruction, and (ii) implicit movement 
analogies.
Results: At Baseline, weight-shift amplitudes were smaller during: (i) unsuccessful, compared to successful step 
initiations (FoG-F group), and (ii) successful step initiations in the FoG-F group compared to FoG-NF. Both Verbal and 
Analogy training resulted in significant increases in weight-shift amplitude in both groups, and a corresponding pro-
nounced reduction in unsuccessful attempts to initiate stepping (FoG-F group).
Conclusions: Hypometric preparatory weight-shifting is associated with failure to initiate forward stepping in people 
with Parkinson’s and FoG. However, impaired weight-shift characteristics are modifiable through conscious strategies. 
This current study provides a novel and critical evaluation of preparatory weight-shift amplitudes during FoG events. 
The intervention described represents an attractive ‘rescue’ strategy and should be further scrutinised regarding limi-
tations posed by physical and cognitive deficits.
Keywords: Parkinson’s, Freezing of gait, Cueing, Step initiation, Anticipatory postural adjustment, Weight-shifting, 
Festination, Start hesitation
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Highlights
– Unsuccessful attempts to initiate a step from a freeze 
is associated with hypometric medio-lateral weight-
shifting
– People with Parkinson’s can voluntarily increase the 
amplitude of medio-lateral weight-shift
– Voluntarily increasing medio-lateral weight-shift is 
associated with successful forward step initiation
Introduction
Freezing of Gait (FoG)—defined as a sudden inabil-
ity to initiate or continue walking—affects more than 
50% of people with Parkinson’s disease (PD) [1]. FoG 
is recognised as one of the most debilitating symptoms 
of advanced Parkinson’s and is associated with injuri-
ous falls [2], anxiety and depression, and reduced qual-
ity of life [3]. Current management of FoG includes 
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the attempted optimisation of pharmacological and 
surgical interventions. However, the efficacy of cur-
rent approaches is limited [4], leading to an increasing 
emphasis on developing new approaches to physical 
therapies [5] in conjunction with options for managing 
anxiety [6] and cognitive decline [7].
The pathophysiology of FoG, although still contro-
versial, has been attributed to five main mechanisms 
[8]. Abnormal coupling between posture and gait (e.g. 
impaired weight shifting in preparation to initiate walk-
ing) is one of those. While much research has focussed 
on factors that contribute to freezing onset (i.e. the 
cessation of gait) [4, 9], the current study describes 
an intervention aimed at facilitating weight-shifting 
and step initiation from FoG, while considering the 
effects of both anxiety and factors that limit cognitive 
resources when performing motor skills.
The transition between an upright static posture 
and walking is primarily characterized by a shift of 
the centre of pressure laterally toward the stance leg, 
which serves to unload the stepping leg, allowing it to 
swing as the centre of mass is propelled forward. This 
weight shift constitutes the latter phase of the so-called 
anticipatory postural adjustment (APA) [10], otherwise 
referred to as the ‘unloading phase’ [11]. The necessity 
to sufficiently unload the stepping limb has motivated 
attempts to better characterise APAs in people with 
PD, particularly in those with FoG pathology.
Early reports of Parkinson’s–related hypometric 
APAs during self-initiated gait [12, 13] led to claims 
that defective APAs might represent a major under-
lying mechanism (and cause) of FoG [8]. However, a 
recent report has created uncertainty in this debate. 
Schlenstedt et  al. [14] showed that lateral APA weight 
shifts were indeed impoverished in Parkinson’s patients 
with FoG compared to those without FoG. However, 
like the majority of extant literature, these observa-
tions only relate to circumstances where gait initia-
tion was successful. In a number of trials containing 
start hesitations (too few for statistical analysis), FoG 
was associated with larger APA amplitudes. Further-
more, APA magnitude during successfully initiated 
steps was proportionate to self-reported FoG severity; 
findings that led the authors to suggest that increased 
APA magnitude may represent a compensatory mecha-
nism intended to reduce destabilising accelerations in 
the centre of mass [14]. Indeed, descriptions of reduced 
FoG-related weight-shifting and a variety of compen-
satory strategies appear in anecdotal reports from 
patients and clinicians [15]. However, current literature 
describing the relationship between APA scaling and 
gait initiation success during/immediately preceding a 
freeze is limited and somewhat conflicted.
It is notoriously difficult to induce and evaluate FoG 
in laboratory settings, as illustrated by the scarcity of 
direct within- and between-subject comparisons in the 
literature. To our knowledge, no study has consistently 
induced FoG in a manner sufficient to afford robust com-
parisons of APA magnitude (of the unloading phase) 
between successful and unsuccessful attempts to initiate 
stepping from a freeze. This was the first aim of the cur-
rent study.
Training APAs as an intervention
FoG is generally considered to be heterogeneous and 
several conceptual models have emerged that attempt to 
explain the underlying pathophysiology. The prominent 
‘decoupling theory’, proposed by Lewis and Barker [16], 
suggests that FoG is a manifestation of a dissociation 
between a pre-planned motor program and motor initia-
tion, leading to compromised motor output. The regula-
tion of these processes is thought to rely to some extent 
on attentional and executive resources that are often 
deficient in people with Parkinson’s and FoG pathology. 
Indeed, repeated observations that external factors can 
both exacerbate and alleviate FoG provide a clear indi-
cation of the influence that altered attentional processes 
can exert on FoG [5].
Tard et  al. [17] demonstrated FoG-related differences 
in the way attention is allocated during step prepara-
tion. More specifically, they claimed that post-perceptual, 
high-level attentional processes are responsible for the 
(potentially premature) release of defective APA motor 
programs. Their inherent assertion is that effective sup-
pression of preparatory motor commands relies on atten-
tional and executive resources that are often deficient in 
patients with FoG [3, 18–20]. Indeed, increasing atten-
tional demands by means of a dual-task paradigm leads 
to reduced medio-lateral weight shifting during step 
preparations in patients with FoG [17, 21]. This ineffec-
tive suppression of preparatory motor commands is also 
exemplified in the contextualisation that knee trembling 
represents sequential/excessive APAs [22].
Many studies attempting to manipulate attention in 
the context of FoG have used dual-task paradigms where 
attention is, at least in part, allocated to task-irrelevant 
processes [23, 24]. The consequential decline in step-
ping performance supports the notion that interference 
between neural circuits might be suspended if patients 
with FoG allocate attention towards task-relevant—and 
more specifically; goal-directed—behaviour [16, 18]. This 
presents an opportunity for the development of novel 
therapeutic strategies that incorporate the production 
of an APA (particularly on the critical unloading phase) 
into the intended movement goal [25, 26]. In conjunction 
with previous suggestions, we anticipate that this process 
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will de-automatize the basic defective APA, thereby 
facilitating motor output [27]. As such, the second (and 
primary) aim of the current study was to evaluate the 
above prediction. We aimed to generate sufficient data to 
document the amplitude of medio-lateral weight-shift-
ing (ML-WS) and the proportion of successful attempts 
to initiate stepping from a freeze, and to compare these 
outcomes between a Baseline and two experimental con-
ditions denoting specific changes in goal-directed atten-
tional focus.
Verbal control of weight‑shifting
In early stages of learning/re-learning motor skills, per-
formers will typically rely on explicit verbal rules that 
specify the most fundamental characteristics of the task 
[28]. However, such processes can become detrimen-
tal in later stages of learning through the disruption of 
movement automaticity (i.e., breaking down the auto-
mated skill into smaller steps and increasing the chance 
of producing errors, [29]). This over-reliance on ver-
bal movement rules, also known as ‘reinvestment’ [30], 
is associated with increased cognitive task demands 
[31] and a decline in motor performance during gait in 
healthy young [32] and older adults [33], and in a range of 
sporting, balance, and vocational tasks [34, 35].
Over-reliance on conscious movement processing is 
often observed when people experience performance 
anxiety [30], rendering this issue particularly relevant for 
people with PD, especially those with FoG [36]. Previous 
work had already shown that the number of years since 
diagnosis is associated with self-reported ‘reinvestment’ 
in Parkinson’s [37]; a potential product of both: (i) PD-
related deficits in movement automaticity, and, (ii) anxi-
ety/concern about movement, be it related to physical 
safety, social concerns and/or self-appraisal [38]. Based 
on this potential preference and/or need to use con-
scious movement processing, the current study utilised 
simple verbal instructions related to APA production. 
However, given the evidence linking such processes with 
both cognitive and motor inefficiencies during gait tasks 
[39], there is also a need to explore alternative options for 
training/cueing APAs that might promote implicit move-
ment control and overcome these inefficiencies.
Using analogies to facilitate APAs
One potential approach—analogy learning—a technique 
initially developed for learning sporting skills that are 
subsequently robust under performance anxiety [30], 
has recently shown encouraging results in the field of 
neurorehabilitation [40, 41]. Analogies involve repack-
aging relevant explicit (verbal) information of the to-be-
learned skill into one integrated biomechanical analogy 
or metaphor. Analogies strive to combine information 
into chunks, and a meaningful analogy should lead indi-
viduals to retrieve larger chunks, therefore utilising rela-
tively efficient unconscious processes [42, 43]. People 
who use implicit cues (such as analogies) are less likely 
to excessively try to control their movements and there-
fore maintain more robust motor performance in anxious 
situations [29]. A recent study has successfully employed 
the analogy of ‘following footprints on a sandy beach’ 
to improve gait characteristics in PD without FoG [44]. 
Previous work has also shown that PD with FoG can step 
in place for longer durations before freezing when using 
auditory cues designed to exploit similar implicit mecha-
nisms [45].
In the current study we therefore included an experi-
mental condition pertaining to APA-related analogies. 
We predicted that both Verbal and Analogy manipula-
tions of APA characteristics would lead to significant 
increases in ML-WS amplitude and associated improve-
ment in successful step initiation from a freeze. However, 
we anticipated that observed improvements in stepping 
performance would be more pronounced when using 




Thirty-five participants diagnosed with Parkinson’s were 
recruited through Parkinson’s UK advertisements and 
local Parkinson’s UK branches. All participants experi-
enced regular freezing of gait (responding with a score 
of 3 or greater to the third item in the Freezing of Gait 
Questionnaire; [46]). Participants were excluded from 
the study if they had cognitive deficits (MiniCog score 
of < 3; [47]), or reported any musculoskeletal or neuro-
logical issue (other than Parkinson’s) that significantly 
affected their walking. Prior to testing, all participants 
self-reported that they were able to stand unsupported 
for at least 60  s. While all participants typically experi-
enced FoG at least once a day, they were divided into two 
groups based on whether they exhibited at least three 
recorded freezes within each condition described below 
(FoG-F, n = 17). For those participants exhibiting fewer 
(n = 3) or no (n = 15) freezes (FoG-NF, n = 18), analyses 
were carried out on successful steps from a voluntary 
stop. For the FoG-F group, data from the Baseline con-
dition were entered into an initial comparison between 
successful and unsuccessful steps from a freeze. When 
comparing outcomes between experimental conditions, 
only data concerning successfully initiated steps were 
included. This approach was determined a priori, to 
afford direct comparisons to the FoG-NF group. Further-
more, such statistical comparisons were not feasible due 
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to an insufficient number of unsuccessful attempted steps 
occurring during Verbal and Analogy trials.
The Unified Parkinson’s Disease Rating Scale motor 
section (UPDRS-III) was administered by a certified 
researcher (see Table 1).
Experimental design
The testing session was carried out between one and 
two hours after participants received their usual dopa-
minergic medication (i.e., the ‘ON’ state). All testing 
was completed within a single session. Participants were 
instructed to step in place (SIP) (i.e., alternately lift each 
foot from the ground without progressing in any direc-
tion) on a single force plate (dimensions = 600 × 400 mm; 
Kistler Group, Switzerland) and to keep stepping for 
60  s or until a freeze occurred that resulted in the ces-
sation of stepping. Participants were given the prior 
instruction (before the start of each trial) that, if a freeze 
occurred, they should attempt to initiate forward walk-
ing as they usually would using either foot. If no freeze 
occurred that led to a cessation of stepping within the 
60 s trial, after 60 s of stepping, participants were asked 
to “stop”. They then attempted to start walking forwards 
as per their original instructions. With the exception of 
the latter (concerning only FoG-NF participants), verbal 
instructions were confined to the period before each trial. 
At the start of the session, participants were instructed 
to practice stopping the SIP task and initiating forward 
walking at least three times in order to familiarise them-
selves with the protocol. Stepping trials were repeated 
up to six times (or until four attempted steps from FoG 
events were recorded) for each of three different condi-
tions; Baseline, Verbal and Analogy.
Participants were securely fitted into a safety har-
ness for all stepping trials and were given the oppor-
tunity to stop, sit down and have refreshments at any 
point between trials. Each stepping trial was completed 
once the participant had made an attempted step for-
ward (successful or otherwise). At the end of each trial, 
participants were asked to return to their original posi-
tion on the force plate (if necessary) with the help of a 
researcher to begin the next trial.
Inducing FoG in laboratory settings represents a signif-
icant challenge. Therefore, we integrated two procedures 
that have previously been shown to expedite FoG. First, 
the SIP task has been repeatedly shown to successfully 
induce FoG [45, 48]. This task also carries the additional 
benefit that participants’ movements can be constrained 
so that, if FoG occurs, participants will be positioned 
on a force plate, thus permitting the necessary record-
ings. If the SIP task did not successfully induce FoG, par-
ticipants were invited to suggest alternative strategies. 
Consequently, three participants in the FoG-F group 
experienced—and attempted to initiate forward gait 
from—freezes induced by a combination of SIP and turn-
ing from on the spot. Here, only trials were used when 
the freeze resulted in participants’ feet both facing in the 
same direction as the intended walking path (to maintain 
task consistency between participants).
Second, participants wore a virtual reality head-
mounted display (HTC Vive, Sony Ltd) displaying one of 
two environments designed in Unity3D (Unity Technolo-
gies) to induce freezing by presenting scenes commonly 
observed to exacerbate FoG [8] and, similarly, through 
elevating anxiety [6]. These environments depicted par-
ticipants standing either at the top of a set of descend-
ing stairs with no handrail or in front of an open narrow 
doorway with tables and chairs on the other side. Par-
ticipants were asked to select an environment to use 
throughout the study, based on which, they felt, was most 
likely to induce FoG. The visual scene was updated based 
on participants’ head movements and forward progres-
sion during successful steps. The nearest constraints in 
the virtual environments were placed approximately 2 m 
away from participants’, meaning that they did not ‘con-
tact’ or interact with them (e.g. walk through the door 
or down the stairs). Prior to stepping trials, participants 
were given time to familiarise themselves with the VR 
Table 1 Participant characteristics
Non freeze (n = 18) Freeze (n = 17) P
Age 66.5 ± 9.24 69.9 ± 9.9 .313
Sex (M/F) 10/8 10/7 .542
Years since diagnosis 9.6 ± 7.5 8.6 ± 6.1 .685
MoCA (0–30) 26.8 ± 4.8 27.1 ± 1.8 .266
FES (0–100) 65.8 ± 19 62.1 ± 19 .654
FOGQ (0–24) 15.1 ± 2.9 16.3 ± 4.7 .337
UPDRS III (0–108) 19.13 ± 3.7 22.9 ± 5.3 .062
H&Y stage (1–5) 2.3 ± 0.7 2.8 ± 0.9 .123
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environments in both seated and standing positions. Ten 
participants (4 FoG-F and 6 FoG-NF) selected to com-
plete all stepping tasks without using the VR environ-
ment on the premise that they would be more likely to 
freeze without the headset on (as opposed to any reports 
of motion sickness or feelings of discomfort).
In the Baseline condition, prior to the start of each trial 
participants were given the instruction that when they 
stopped stepping (be it following a freeze or voluntary 
stop), that they should start walking forwards in their 
preferred manner (the use of physical devices to assist 
gait initiation was prohibited).
In experimental conditions, participants were trained 
to use a weight shifting strategy based on a simplified 
description of an APA. During training, participants 
were invited to practice “Moving [their] weight side-
ways slightly towards the stepping leg, then swaying back 
and shifting all [their] weight on to the non-stepping leg 
before stepping forward”. Demonstrations were given 
by the researcher during training and participants were 
shown a printed image exemplifying an APA for refer-
ence (Fig. 1). Participants practiced the movement up to 
ten times, and in doing so, were asked to concurrently 
verbalise the instructions to move “right, left and for-
wards” (for those initiating gait with their right foot) or 
as a number sequence “One, two and three”. This allowed 
the researcher to confirm that participants understood 
the instructions and to give participants the opportunity 
to ask any questions about the Verbal strategy. During 
the Verbal condition, when participants stopped stepping 
(due to a freeze or voluntary stop) they were given the 
prior instruction to use the newly-learned verbal strategy 
to initiate forward walking.
Participants were also trained to use a weight shift-
ing strategy equivalent to the Verbal strategy, but in the 
form of a movement analogy. Participants were shown a 
printed image exemplifying an APA (same as Verbal con-
dition) and the researcher gave both a description and 
demonstrations of the required weight-shifting move-
ment, being careful not to give simplified verbal cues. The 
researcher then explained the concept of using move-
ment analogies as a strategy to produce the required 
weight shift and initial forward step. Participants were 
given some examples of analogies to practice moving 
to. For example, “imagine you are stood on a set of tra-
ditional balancing scales, when one foot presses down, 
the other foot lifts up and makes a step”. Other examples 
related to swaying like a tree in the breeze or like a sla-
lom skier. Participants were also encouraged to create 
their own personalised analogies in an attempt to make 
the process more meaningful and memorable to the indi-
vidual (e.g., [49]). Thirteen participants opted to create 
and use their own analogies (FoG-F: n = 7/17, FoG-NF: 
n = 6/18). These included shifting weight like: (i) a rugby 
player performing a ‘dummy’ turn, (ii) a tennis player 
waiting to receive a serve, (iii) a boxer moving towards 
an opponent, and (iv) a person standing on a moving 
boat. During the analogy trials, when a freezing episode 
occurred or the researcher instructed the participants 
to stop, participants thought of their chosen analogy to 
perform the weight shifting movement to make a step 
forward.
Participants practiced shifting weight/initiating a step 
using their chosen analogy up to ten times. During the 
Analogy condition, when participants stopped stepping 
(due to a freeze or voluntary stop) they attempted to use 
the newly-learned Analogy strategy to initiate forward 
walking, as per instructions given prior to the start of 
each trial.
The order of Verbal and Analogy conditions was coun-
terbalanced. However, participants always completed 
the Baseline condition first in order to avoid carry-over 
effects (i.e., participants using any strategies learned in 
the other conditions during Baseline trials). Immediately 
following the final trial in each condition, participants 
were asked to retrospectively describe their thoughts 
when attempting to initiate forward walking in preceding 
trials. Responses were audio recorded, transcribed verba-
tim and allocated into one of four categories: (i) Focus on 
environment, future planning or global aims (e.g., “think-
ing about doorway/stairs”, “counting how many steps to 
reach the doorway”, “just move”); (ii) Instructions specific 
to foot movement (e.g., “pick your foot up”, “step forward 
and [put] heel down first”); (iii) Instructions specific to 
weight-shifting (e.g., “counting 1, 2, 3 [to shift weight as 
instructed]”, “move right, left, then forward”); and (iv) 
Fig. 1 Image exemplifying an APA shown to participants during 
verbal and analogy training
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Analogies relevant to weight-shifting. We counted the 
number of participants reporting thought processes in 
each category. These data were not intended for any sta-
tistical analysis, but rather as a broad evaluation of the 
fidelity of each condition/manipulation.
A nine camera motion analysis system (VICON, 
Oxford Metrics, London, England) was used to recon-
struct the position of reflective markers on the lateral 
malleolus, calcaneus and the head of the fifth metatar-
sal of each foot at a sampling rate of 100 Hz, and filtered 
with a fourth order Butterworth low pass filter with a 
cut-off frequency of 5 Hz. A single force plate was used 
to record medio-lateral (ML) centre of pressure (COP) 
motion with a sampling frequency of 1000 Hz. All analy-
ses involving signal processing were carried out using 
bespoke scripts in Matlab (Mathworks Inc.), where the 
researcher was blinded to the condition pertaining to 
each trial. In all cases, data were plotted and visually 
checked to avoid artefacts.
Data analysis
A freezing of gait episode was defined both subjectively 
and objectively. Stepping trials were visually evaluated 
through playback of steps recorded on a video camera 
and outputs from the motion capture system. Audio 
recordings from this video were also used to docu-
ment participants’ verbal reports of any freeze that they 
perceived. A FoG episode was defined as an episode of 
involuntary cessation of gait which was often accompa-
nied by trembling of the legs, of festination, and when 
the vertical and anterior displacement of the toe marker 
dropped between zero and one standard deviation of the 
initial value of that trial [50]. If FoG was subsequently 
confirmed through this initial process, motion capture 
and force plate data relating to each step during the trial 
were exported and analysed.
The onset of an APA (first measurable change in ML 
COP from freezing episode or stopped position) was 
detected by an automated threshold-based algorithm, 
with the threshold set at three standard deviations of 
the mean ML COP displacement of the freezing epi-
sode/stopped position. The mean and standard devia-
tion were taken from the maximum time available up to 
1000 ms following to the freeze or stop. A total of eight 
trials across four participants contained a period of 
400–1000  ms. ML-WS amplitude was assessed by ana-
lysing the peak ML displacement of the COP after it was 
displaced from the midpoint between the heel mark-
ers on each foot to the maximum lateral shift towards 
the stance foot before forwards propulsion was evident. 
Forwards propulsion was detected using a threshold at 
two standard deviations of the mean AP COP displace-
ment during the lateral shift to the stance foot (Fig.  2). 
Resultant values were then normalised to stance width 
by calculating the percentage of stance width divided by 
2. Our metric of ML-WS therefore describes the lateral 
Fig. 2 Exemplified calculation of ML-WS
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weight-shift achieved only during the preparatory lateral 
unloading phase of the APA (prior to forward propul-
sion). ML-WS duration was the time of ML-WS. Stance 
width was calculated as the distance between heel mark-
ers on each foot during the freeze/stopped position prior 
to attempted stepping.
For trials where participants verbally reported having 
experienced a freeze, we evaluated whether subsequent 
attempts to initiate forward walking from that freeze was 
successful or not (FoG-F group only). Video recordings 
of each trial were viewed and rated by three independ-
ent evaluators who were blinded to each condition. Each 
evaluator made categorical judgements about whether 
the participant, in their initial attempt, appeared to suc-
cessfully or unsuccessfully initiate a forward step [51]. 
An unsuccessful step was identified as a start hesita-
tion/failed attempt to step from a freeze and was deter-
mined when a participant displayed one or more heel-off 
movement(s) without moving forward. This was then 
confirmed using the vertical displacement of the heel 
marker on the motion capture system. Any discrepancy 
between evaluators resulted in a communal viewing of 
the relevant trial, a discussion regarding the rationale for 
the decisions made and a consensus reached. Throughout 
the entire dataset, this process was only necessary for 1 
trial. Again, evaluators remained blinded to the trial con-
dition throughout this process. We calculated the mean 
ratio of successful to unsuccessful attempts.
Failed attempts to initiate forward walking from a 
freeze (as identified by the independent evaluators) were 
timestamped on the video recordings and corresponding 
motion capture and force plate data for that time period 
were exported and analysed. To determine ML-WS for 
these unsuccessful attempts to step, we calculated the 
ML displacement of the COP from the midpoint of the 
feet to the maximum lateral shift towards the stance foot 
during the period immediately preceding the observed 
start hesitation. ML-WS was then normalised to stance 
width (as described above). Where participants made 
multiple APA’s in an attempt to make a successful step, 
only the first APA was used to calculate ML-WS. Only 
during unsuccessful steps is it uncertain whether peak 
lateral COP position reached the location of the stance 
limb (i.e. 100% of stance width as calculated above). We 
therefore calculated both ML-WS and the global peak 
lateral COP position (normalised to stance width as 
above) during unsuccessful attempted steps. This was to 
determine if any significant additional lateral weight-shift 
occurred following the preparatory unloading phase/
onset of forward propulsion (if present). For two partici-
pants in the FoG-F, it was not possible to reliably deter-
mine the point of attempted step initiation in any trials. 
Therefore, comparisons of ML-WS between successful 
and unsuccessful attempted steps were carried out on 
data from the remaining 15 FoG-F participants.
Statistical analysis
We conducted a paired-samples t-test to compare 
ML-WS and global peak lateral COP position between 
successful and unsuccessful attempted steps in FoG-F 
during Baseline trials. Effects sizes are expressed as 
Cohen’s D. We also carried out Spearman’s Rank Order 
correlations to evaluate possible associations between 
ML-WS amplitude when stepping at Baseline (where par-
ticipants were not attempting to directly manipulate APA 
characteristics), disease severity (UPDRS III and H&Y 
Stage) and self-reports of freezing severity (FOGQ).
A mixed design ANOVA (2 × 3 design) was performed 
for ML-WS, ML-WS duration and stance width, with 
group (FoG-F and FoG-NF) as a between-subject factor 
and stepping conditions (Baseline, Verbal and Analogy) 
as a within-subject factor. Significant (p < 0.05) effects 
were followed-up with Holm-Bonferroni-corrected post-
hoc tests and effects sizes are expressed as partial  eta2 
(ANOVA) or Cohen’s d (t-test). Wilcoxon signed-rank 
tests were used to compare the ratio of successful to 
unsuccessful steps between conditions in the FoG-F 








Factors associated with altered medio‑lateral weight‑shift 
amplitude
Results from the FoG-F group showed that, when com-
paring successful to unsuccessful attempts to initiate 
forwards stepping from a freeze, normalised ML-WS 
amplitude was significantly lower preceding unsuccess-
ful attempts  (t(15) = − 5.186, p < 0.001, d = 1.08). Nor-
malised global peak of lateral COP displacement of 
unsuccessful steps was also significantly lower than nor-
malised ML-WS during successful steps (19.11 ± 12.1 vs 
34.12 ± 19.5%  (t(15) = − 4.150, p < 0.002, d = 0.86)) (see 
Fig. 3).
Correlation analyses carried out on successful steps 
made in both participant groups revealed that, regardless 
of whether participants were attempting to step from a 
freeze (FoG-F) or a voluntary stop (FoG-NF), significant 
moderate negative associations were observed between 
ML-WS and both H&Y and UPDRS-III motor examina-
tion scores. However, no association was observed with 
self-reported FoG severity (see Fig. 4).
Effects of verbal and analogy training
ML‑WS amplitude
The results of the Two-Way ANOVA showed a sig-
nificant main effect of condition on normalised 
ML-WS,  F(2,66) = 134.477, p < 0.001,  n2 = 0.803, and a 
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significant interaction between Group and Condition, 
 F(2,66) = 14.807, p < 0.001,  n2 = 0.310. There was no sig-
nificant group effect  F(1,33) = 1.984, p = 0.187,  n2 = 0.068. 
Within-subject comparisons showed that both FoG-F 
and FoG-NF participants exhibited significantly lower 
ML-WS amplitude at Baseline compared to Verbal, 
and Analogy conditions (FoG-F, Verbal(t(16) = − 10.565 
p < 0.001, d = 1.124) and Analogy  (t(16) = − 11.623, 
p < 0.001, d = 1.22)) and (FoG-NF, Verbal(t(17) = -7.823 
p < 0.001, d = 1.04) and Analogy  (t(17) = − 6.657, p < 0.001, 
d = 0.98)). Between-group comparisons showed that 
FoG-F participants exhibited significantly lower ML-WS 
amplitude at baseline compared to FoG-NF  (t(33) = 4.85, 
p < 0.001, d = 1.35). However, no significant differences 
were evident between groups for Verbal  (t(33) = − 0.514, 
p < 0.611, d = 0.016) and Analogy conditions  (t(33) = 0.169, 
p = 0.198, d = 0.12) (Fig. 5).
ML‑WS duration
Results showed a significant main effect of condition on 
ML-WS duration,  F(2,66) = 25.021, p < 0.001,  n2 = 0.426, 
but no significant interaction,  F(2,66) = 2.535, p = 0.087. 
There was no significant group effect of condition 
 F(1,33) = 1.54, p = 0.698,  n2 = 0.005. Participants exhib-
ited shorter ML-WS duration at baseline compared to 
Verbal  (t(33) = − 4.990, p < 0.05, d = 0.64) and Analogy 
 (t(33) = − 6.564, p < 0.05, d = 0.81) conditions.
Stance width
There was no main effect of condition on stance width, 
 F(2,66) = 1.547, p = 0.220,  n2 = 0.045, and no interaction 
effect,  F(2,66) = 0.835, p = 0.438,  n2 = 0.025. There was 
no significant group effect of condition,  F(1,33) = 1.28, 
p = 0.723,  n2 = 0.004. (Fig. 5).
Fig. 3 Mean normalised ML-WS in the FoG-F group is smaller during 
unsuccessful compared to successful attempts to initiate forward 
stepping. **p < 0.001. Solid horizontal lines indicate mean ML-WS. 
Dashed horizontal line indicated peak lateral displacement of COP
Fig. 4 Correlations between normalised ML-WS (%) and a H&Y, b UPDRS III, and c FOGQ score in the FoG-F (top) and FoG-NF group (bottom)
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Ratio of successful to unsuccessful attempts to step 
from a freeze
Our results show that FoG-F decreased the proportion 
of unsuccessful attempts to initiate a step from a freeze 
between Verbal to Baseline conditions (z = − 3.301, 
p < 0.001, r = 0.82) and Analogy to Baseline conditions 
(z = − 3.301, p < 0.001, r = 0.82). There was no difference 
in the proportion of unsuccessful steps between Verbal 
and Analogy conditions (z = − 1.069, p = 0.285, r = 0.4). 
During baseline trials, FoG-F made 69 unsuccessful and 
73 successful attempts to step from a freeze, resulting in 
an overall ratio of 1:1.01 (successful: unsuccessful). Dur-
ing Verbal and Analogy conditions, FoG-F made 72 and 
79 successful, and only 3 and 1 unsuccessful steps, result-
ing in an overall ratio of 1:0.03 and 1:0.01, respectively 
(Fig. 6).
Self‑reported thoughts during attempted forward 
step‑initiations
The number of participants reporting thought processes 
from each pre-defined category are described in Table 2 
(pooled data from both groups). These results indicate 
that participants typically utilised verbal instructions rel-
evant to initiating foot movement during Baseline trials. 
During Verbal trials, all participants self-reported think-
ing about the instructions provided. While this was also 
largely the case in Analogy trials, almost two-thirds of 
participants also self-reported using verbal instructions 
about weight-shifting in addition to relevant analogies.
Discussion
Factors associated with weight‑shift amplitude at Baseline
To our knowledge, this is the first instance where suf-
ficient data has been generated to afford statistical 
comparisons of APA characteristics between: (1) suc-
cessful and unsuccessful attempts to step from a freeze 
(within-subject) and ii) attempts to initiate gait from 
both a freeze (FoG-F) and a voluntary stop (FoG-NF). 
We attribute this success in inducing FoG in our labo-
ratory setting to the use of the SIP task in conjunction 
with the VR environments designed specifically to rep-
resent scenarios commonly associated with exacerbated 
FoG events (e.g., narrow doorways). As such, while we 
acknowledge limitations associated with using VR head-
mounted displays and the necessary contrived laboratory 
environment/task, we also suggest that our current data 
may, in comparison to extant literature, better reflect 
behaviour of patients attempting to initiate gait in daily 
life.
Previous work has documented impoverished APAs 
in PD with FoG when initiating gait in the absence of 
any observed freeze [13, 26], leading to suggestions that 
FoG may be a consequence of attenuated/defective APA 
scaling [8]. Our findings provide novel and additional 
support for this notion, as ML-WS amplitudes were sig-
nificantly attenuated during attempted steps that were 
unsuccessful (Fig. 3).
Schlenstedt et al. [14] compared the magnitude of ML 
APAs between groups of PD patients that were catego-
rised according to presence/absence of self-reported FoG 
pathology. They reported no significant between-group 
differences at baseline during successfully initiated steps; 
findings that conflict with ‘traditional’ conceptualisations 
described above. Their study also provided data relating 
Fig. 5 Normalised ML-WS (%) significantly increased in Verbal and 
Analogy conditions compared to Baseline in both FoG-F and FoG-NF 
groups
Fig. 6 The ratio of successful to unsuccessful attempts to step from a 
freeze (in the FoG-F group) reduces in Verbal and Analogy conditions 
compared to Baseline
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to nine attempted steps where start hesitations were 
observed and determined that APA amplitude was rela-
tively large compared to step initiations where FoG was 
absent. The authors interpreted these trends as repre-
senting a potential compensatory mechanism aimed at 
avoiding destabilising accelerations in the centre of mass. 
These interpretations were supported by positive asso-
ciations observed between self-reported FoG and APA 
amplitude [14] and velocity [52]. Our data indicate that 
no such relationship exists, at least not concerning our 
measure of ML-WS (Fig.  4 C&E); a finding that is con-
sistent across participant groups (i.e., it is not contingent 
on whether individuals are attempting to step from a 
freeze or voluntary stop). However, despite this appar-
ent discrepancy, we argue for a similar interpretation and 
conclusion. Our findings from the FoG-F group at Base-
line show that smaller ML-WS amplitudes are associated 
with unsuccessful attempts to step. Therefore, occasions 
where participants increased ML-WS (and successfully 
initiated steps from a freeze) might indeed represent an 
effective compensatory strategy to overcome FoG, as sug-
gested by Schlenstedt et  al. [13]. The question remains 
whether users must be cognisant of processes involved in 
the production of larger weight-shifts in order to attain 
improvements in motor performance.
We must be cautious when contextualising the evi-
dent relationship between increased ML-WS and the 
improved rate of successful gait initiations (Fig. 6). Spe-
cifically, it is unclear if the hypokinetic ML-WS described 
during unsuccessful attempts to initiate walking (Fig.  3) 
should be considered as a mechanism primarily respon-
sible for resultant failed attempts, or as one of several 
integrated behaviours that are symptomatic of more fun-
damental defective mechanisms (i.e., an artefact of the 
failed step). Similarly, the production of larger ML-WS 
during experimental conditions may not represent the 
most important factor driving improvements in step 
initiation. For example, benefits may have been derived 
from internally generated rhythmic cues correspond-
ing to the components of the APA (Fig.  1) or relative 
increases in ML-WS duration, although the latter is a 
likely consequence of increased ML-WS amplitude. We 
suggest that the observed improvements to gait initiation 
may represent a combination of the above, driven largely 
by efficiencies associated with allocating attention spe-
cifically towards the production of an APA.
Several studies have contextualised abnormal prepara-
tory movements ahead of attempted gait initiation as rep-
resenting failed attempts to generate [53] and/or inhibit 
[20, 54] APA-specific motor programmes. Carlsen et  al. 
[55] suggested that when a motor task (such as gait ini-
tiation) is known in advance, cortical demands associated 
with movement planning and execution can be reduced 
via the discharge and subsequent inhibition of any rel-
evant motor program to a so-called ‘holding area’. This 
stored motor program is then subject to self-generated 
or externally triggered release. Dividing attention may 
therefore compromise this tonic inhibition, thus releasing 
APAs that are spatially and/or temporally defective. The 
notion that defective inhibition of APAs may influence 
freezing is supported by reports that dual-task paradigms 
can exacerbate FoG symptoms [56]. As such, external 
sensory cueing aimed at facilitating gait initiation may be 
problematic if attending to the cue (and processing the 
information presented) carries attentional demands that 
are not directly associated with the most relevant aspects 
of the ‘primed’ motor programmes.
Many studies have attempted to utilise sensory cues 
to facilitate gait initiation in people with FoG. How-
ever, such strategies have typically specified informa-
tion regarding the ultimate goal of initiating movement 
in the stepping limb or completing the initiated step in 
a given manner (e.g., placing the foot on/over a visual 
target [5], or imitating the sound [45] or mental image 
of a stepping action [57, 58]. These attempts to focus 
attention towards step-related movement goals are 
reflected in 26/35 of our participants’ self-reporting 
attempts to consciously initiate foot movement at 
Baseline (e.g., “pick your foot up”, “put your heel down 
first”). Therefore, the transition between Baseline to 
Verbal trials was not characterised by the adoption of 
conscious strategies per se, but rather a change in the 
allocation of attention between aspects of motor per-
formance (i.e., from the production of a resultant step 
Table 2 The number of participants reporting thought processes from each category during baseline, verbal and analogy
Values represent pooled data from FoG-NF and FoG-F groups
Category of thought processes
Condition Focus on environment  
or future Planning






Baseline 26 (74%) 26 (74%) 1 (2.8%) 0 (0%)
Verbal 5 (14.3%) 10 (28.5%) 35 (100%) 0 (0%)
Analogy 4 (11.4%) 7 (20%) 22 (62.9%) 34 (97.1%)
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to an integrated weight-shift and step action) that was 
sufficient to induce observed improvements (Fig. 6).
It is notable that the relative absence of attentional 
focus on the resultant successful forward step (in Ver-
bal and Analogy conditions, see Table 2) is indicative of 
this action maintaining a degree of automaticity; per-
haps being triggered by the preceding augmented APA 
as part of a ‘domino effect’. In this sense, attentional 
focus on intended foot (rather than APA) movement 
reported at Baseline might represent attempts to affect 
the final component of this chain-reaction, resulting in 
a higher proportion of failed attempts (Fig. 6).
We propose that the newly adopted attentional focus 
specifically towards APA production may have avoided 
the need for participants to generate, store and inhibit 
an independent APA motor programme that would 
likely be susceptible to problems associated with pre-
mature and ineffective release. We propose that the 
generation of suitably scaled APAs were initiated 
through, and coupled to, specific pre-potent conscious 
strategies. This process would, in theory, reduce the 
burden on deficient ‘automatic’ processes [24, 59, 60] 
and improve cognitive processing efficiency. More spe-
cifically, the above suggestion may constitute a reduc-
tion in demands placed on any ‘supervisory system’ [61] 
otherwise employed to create tonic inhibition on APA 
motor programmes.
In the current study, we predicted that the use of anal-
ogies as a strategy to increase ML-WS would deliver 
greater benefits, by virtue of potential reductions in 
attentional demands, compared to the Verbal condition. 
We observed no evidence of this. Despite FoG-F ML-WS 
being relatively smaller in Baseline trials (Fig.  5), par-
ticipants (stepping from a freeze) were able to achieve 
equivalent ML-WS amplitudes, and successfully initiate 
forward steps (approx. 100%), during both Verbal and 
Analogy conditions (Fig.  6). Indeed, the magnitude of 
improvement in the ratio of successful/unsuccessful steps 
makes it difficult to make direct comparisons between 
Verbal and Analogy conditions. Typically, the virtues of 
implicit approaches to motor learning are evident when 
comparative verbal processes are complex and vulnerable 
to breaking down under anxiety. As such, it is possible 
that verbal strategies used in the current study to initiate 
gait were sufficiently simple to avoid such issues. After 
all, descriptions of the APA during training were accom-
panied by uncomplicated verbal cues that participants 
were encouraged to use during attempted step initiation 
(e.g., counting “One, Two, Three” to mark each phase of 
the APA). Given the weight of evidence from other con-
texts [30], we maintain that motor performance would 
show deficiencies if more complex verbal processes were 
evident, particularly during anxiogenic tasks.
In contrast to the simple verbal cues described above, 
one might consider the APA-relevant analogies as being 
relatively complex, and therefore potentially imparting 
greater demands on cognitive resources relative to the 
requirements of the task. It is possible that any nega-
tive consequences of these increased demands may have 
been mitigated by the benefits of having internally gen-
erated a rich dynamic template to which participants 
could adhere their movement. In the current study, 
parity in outcomes observed between Verbal and Anal-
ogy conditions suggests that benefits to ML-WS and 
successful step initiation do not exclusively rely on the 
explicit conscious control of APA mechanics. This dem-
onstrates clear potential for researchers and clinicians to 
develop creative solutions for specifying spatial and tem-
poral APA characteristics that are tailored to individual 
patients’ preferences and requirements.  To this end, it 
should be noted that, in the specific context of APA and 
step initiation, external sensory cueing strategies carry 
the following limitation.
Coupling one’s movement to an external source of 
spatiotemporal information is typically most successful 
during cyclical and continuous tasks (e.g., finger tapping 
or walking) as it allows the performer to use estimates 
of previous errors to adjust and improve subsequent 
actions. An APA and subsequent step initiation repre-
sents a discrete and complex task that cannot be readily 
adapted and made continuous (and therefore more ame-
nable to external cueing). Therefore, aside from poten-
tial logistical issues associated with organising external 
devices to deliver sensory cues, we propose that inter-
nally-generated verbal or imagery cues (such as those 
evaluated here), represent the most practical solution for 
people attempting to overcome FoG in daily life. The sig-
nificant limitation to this suggestion relates to cognitive 
deficits that have been (albeit inconsistently) associated 
with FoG (see Gilat and Colleagues [4] for review).
The current study did not attempt to document freez-
ing ‘sub-types’ or categorise participants accordingly [62]. 
As such, we cannot draw any conclusions regarding the 
utility of weight-shifting between sub-types or even infer 
if the results observed are representative of all sub-types. 
Further work should explore this issue in addition to the 
potential impacts of specific deficits in cognitive and 
executive function on the use of the strategies described.
Given the clear improvements observed in the rate of 
successful gait initiation during both Verbal and Anal-
ogy conditions, we suggest that these strategies might 
represent an effective non-pharmacological option for 
the practical management of FoG that could be trained 
in conventional rehabilitation settings. However, given 
the contrived nature of our stepping tasks and VR envi-
ronment (including the limitation that participants were 
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required to wear a physical headset), it is important to 
further evaluate the efficacy and safety of the approaches 
described in community settings. The current study was 
also limited by our singular focus on forward walking, 
meaning that the effects observed cannot be assumed 
to translate to other variants of attempted gait ini-
tiation, such as attempts to turn and change walking 
direction. Further work is necessary to develop similar 
strategies to those described here in an attempt to facili-
tate attempted turns during FoG. We also suggest that 
future work should aim to record more detailed descrip-
tions of thought processes evident when people attempt 
to use weight-shifting strategies to overcome FoG in daily 
life and evaluate possible associations with movement 
outcomes.
Conclusions
The current findings illustrate that, when stepping from a 
freeze, the amplitude of ML-WS is associated with result-
ant step success. People with FoG pathology were able 
to voluntarily increase the amplitude of ML-WS (using 
either Verbal or Analogy strategies) and, when doing 
so, showed pronounced reductions in the proportion of 
unsuccessful attempts to initiate stepping from a freeze.
Abbreviations
APA: Anticipatory postural adjustment; COP: Centre of pressure; FES: Falls Effi-
cacy Scale; FoG: Freezing of gait; FOGQ: Freezing of Gait Questionnaire; H&Y: 
Hoehn and Yahr; ML-WS: Medio-lateral weight-shift; MoCA: Montreal Cognitive 
Assessment; SIP: Stepping in place; UPDRS-III: Unified Parkinson’s Disease Rat-
ing Scale-version III.
Acknowledgements
The authors would like to thank members of Parkinson’s UK branches (particu-
larly Mr. Phil Lewis and Mrs. Jeanne Phillips) who helped W.Young to conceive 
the study. We thank all participants and people who accompanied them to 
support their participation. We also thank members of the Project Advisory 
Group for their continued guidance.
Authors’ contributions
AM: Investigation, formal analysis, writing—review and editing. AF: Investiga-
tion. MW: Conceptualization, funding acquisition, writing—review and editing. 
MN: Funding acquisition, writing—review and editing. WY: Conceptualiza-
tion; funding acquisition, investigation, writing original manuscript draft, 
supervision, project administration. All authors read and approved the final 
manuscript.
Funding
This study was funded by Parkinson’s UK [Grant Number: K-1604]. The funder 
had no role in study design, data collection, analysis, interpretation, decision 
to publish, or preparation of the manuscript.
Availability of data and materials
Data relating to the study described is available at: https ://osf.io/5zj47 /
Ethics approval and consent to participate
Ethical approval for this study was granted by the local ethics committee 
in the College of Health and Life Sciences at the host institution; Brunel 
University London (ref: 7299-MHR-Oct/2017-8503-4). All participants provided 
written and informed consent to participate. All procedures were carried out 
in accordance with the principles laid down by the declaration of Helsinki.
Consent
All procedures described received ethical approval and informed consent 
from participants, including permission to publish.
Competing interests
None of the authors have any conflict of interest to disclose.
Author details
1 Department of Surgery and Cancer, Imperial College London, London, UK. 
2 College of Health and Life Sciences, Brunel University London, Uxbridge, UK. 
3 School of Sport and Health Sciences, University of Exeter, Exeter EX1 2LU, UK. 
Received: 15 May 2020   Accepted: 15 October 2020
References
 1. Giladi N, Treves TA, Simon ES, Shabtai H, Orlov Y, Kandinov B, et al. Freez-
ing of gait in patients with advanced Parkinson’s disease. J Neural Transm. 
2001;1(108):1. 
 2. Bloem BR, de Vries NM, Ebersbach G. Nonpharmacological treatments for 
patients with Parkinson’s disease. Mov Disord. 2015;30(11):1504–20. 
 3. Walton CC, Shine JM, Hall JM, O’Callaghan C, Mowszowski L, Gilat M, 
et al. The major impact of freezing of gait on quality of life in Parkinson’s 
disease. J Neurol. 2015;262(1):108–15. 
 4. Gilat M, de Lima ALS, Bloem BR, Shine JM, Nonnekes J, Lewis SJG. Freez-
ing of gait: promising avenues for future treatment. Parkinsonism Relat 
Disord. 2018;52:7–16. 
 5. Nieuwboer A. Cueing for freezing of gait in patients with Parkinson’s 
disease: a rehabilitation perspective. Mov Disord. 2008;23:S475–81. 
 6. Martens KA, Ellard CG, Almeida QJ. Does anxiety cause freezing of gait in 
Parkinson’s disease? PLoS ONE. 2014;9:9. 
 7. Walton CC, Shine JM, Mowszowski L, Gilat M, Hall JM, O’Callaghan C, et al. 
Impaired cognitive control in Parkinson’s disease patients with freezing of 
gait in response to cognitive load. J Neural Transm. 2015;122(5):653–60. 
 8. Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, Nieuwboer A. Freezing 
of gait: moving forward on a mysterious clinical phenomenon. Lancet 
Neurol. 2011;1(10):8. 
 9. Ginis P, Heremans E, Ferrari A, Bekkers EMJ, Canning CG, Nieuw-
boer A. External input for gait in people with Parkinson’s disease 
with and without freezing of gait: one size does not fit all. J Neurol. 
2017;264(7):1488–96. 
 10. Halliday SE, Winter DA, Frank JS, Patla AE, Prince F. The initiation of 
gait in young, elderly, and Parkinson’s disease subjects. Gait Posture. 
1998;8(1):8–14. 
 11. Crenna P, Carpinella I, Rabuffetti M, Rizzone M, Lopiano L, Lanotte M, et al. 
Impact of subthalamic nucleus stimulation on the initiation of gait in 
Parkinson’s disease. Exp brain Res. 2006;1(172):4. 
 12. Mancini M, Zampieri C, Carlson-Kuhta P, Chiari L, Horak FB. Anticipatory 
postural adjustments prior to step initiation are hypometric in untreated 
Parkinson’s disease: an accelerometer-based approach. Eur J Neurol. 
2009;16(9):1028–34. 
 13. Rogers MW, Kennedy R, Palmer S, Pawar M, Reising M, Martinez KM, 
et al. Postural preparation prior to stepping in patients with Parkinson’s 
disease. J Neurophysiol. 2011;106(2):915–24. 
 14. Schlenstedt C, Mancini M, Nutt J, Hiller AP, Maetzler W, Deuschl G, et al. 
Are hypometric anticipatory postural adjustments contributing to freez-
ing of gait in Parkinson’s disease? Front Aging Neurosci. 2018;15:10. 
 15. Nonnekes J, Růžička E, Nieuwboer A, Hallett M, Fasano A, Bloem BR. Com-
pensation strategies for gait impairments in Parkinson disease: a review. 
JAMA Neurol. 2019;76(6):718–25. 
 16. Lewis SJG, Barker RA. A pathophysiological model of freezing of gait in 
Parkinson’s disease. Parkinsonism Relat Disord. 2009;15(5):333–8. 
 17. Tard C, Dujardin K, Bourriez J-L, Destée A, Derambure P, Defebvre L, et al. 
Attention modulates step initiation postural adjustments in Parkinson 
freezers. Parkinsonism Relat Disord. 2014;20(3):284–9. 
 18. Shine J, Moustafa AA, Matar E, Frank MJ, Lewis SJ. The role of frontostriatal 
impairment in freezing of gait in Parkinson’s disease. Front Syst Neurosci. 
2013;4:7. 
Page 13 of 13Maslivec et al. J NeuroEngineering Rehabil          (2020) 17:146  
 19. Vandenbossche J, Deroost N, Soetens E, Coomans D, Spildooren J, 
Vercruysse S, et al. Freezing of gait in Parkinson’s disease: disturbances in 
automaticity. Front Hum Neurosci. 2013;6:356. 
 20. Cohen RG, Klein KA, Nomura M, Fleming M, Mancini M, Giladi N, et al. 
executive function, and freezing of gait. J Parkinsons Dis. 2014;1(4):1. 
 21. Nocera JR, Roemmich R, Elrod J, P Altmann LJ, Hass CJ. Effects of cogni-
tive task on gait initiation in Parkinson disease: evidence of motor prioriti-
zation? J Rehabil Res Dev. 2013;50(5).
 22. Jacobs JV, Nutt JG, Carlson-Kuhta P, Stephens M, Horak FB. Knee trem-
bling during freezing of gait represents multiple anticipatory postural 
adjustments. Exp Neurol. 2009;215(2):334–41. 
 23. Moreau C, Defebvre L, Bleuse S, Blatt JL, Duhamel A, Bloem BR, et al. 
Externally provoked freezing of gait in open runways in advanced Par-
kinson’s disease results from motor and mental collapse. J Neural Transm. 
2008;115(10):1431–6. 
 24. Spildooren J, Vercruysse S, Desloovere K, Vandenberghe W, Kerckhofs E, 
Nieuwboer A. Freezing of gait in Parkinson’s disease: the impact of dual-
tasking and turning. Mov Disord. 2010;15(25):15. 
 25. Delval A, Moreau C, Bleuse S, Tard C, Ryckewaert G, Devos D, et al. Audi-
tory cueing of gait initiation in Parkinson’s disease patients with freezing 
of gait. Clin Neurophysiol. 2014;1(125):8. 
 26. Burleigh-Jacobs A, Horak FB, Nutt JG, Obeso JA. Step initiation in Parkin-
son’s disease: influence of levodopa and external sensory triggers. Mov 
Disord. 1997;12(2):206–15. 
 27. Butler JS, Fearon C, Killane I, Waechter SM, Reilly RB, Lynch T. Motor 
preparation rather than decision-making differentiates Parkinson’s 
disease patients with and without freezing of gait. Clin Neurophysiol. 
2017;1(128):3. 
 28. Fitts PM, Posner MI. Human performance. 1967
 29. Masters RSW. Knowledge, knerves and know-how: the role of explicit 
versus implicit knowledge in the breakdown of a complex motor skill 
under pressure. Br J Psychol. 1992;83(3):343–58. 
 30. Masters R, Maxwell J. The theory of reinvestment. Int Rev Sport Exerc 
Psychol. 2008;1(1):2. 
 31. Ellmers TJ, Young WR. Conscious motor control impairs attentional 
processing efficiency during precision stepping. Gait Posture. 
2018;1(63):58–62. 
 32. Ellmers TJ, Young WR. The influence of anxiety and attentional focus on 
visual search during adaptive gait. J Exp Psychol Hum Percept Perform. 
2019;45:6. 
 33. Ellmers TJ, Cocks AJ, Young WR. Exploring attentional focus of older adult 
fallers during heightened postural threat. Psychol Res. 2019;22:1–3. 
 34. Malhotra N, Poolton JM, Wilson MR, Fan JK, Masters RS. Conscious motor 
processing and movement self-consciousness: Two dimensions of per-
sonality that influence laparoscopic training. J Surg Educ. 2014;1(71):6. 
 35. Malhotra N, Poolton JM, Wilson MR, Uiga L, Masters RS. Examining move-
ment-specific reinvestment and performance in demanding contexts. J 
Sport Exerc Psychol. 2015;1(37):3. 
 36. Dissanayaka NNNW, White E, O’Sullivan JD, Marsh R, Pachana NA, Byrne 
GJ. The clinical spectrum of anxiety in Parkinson’s disease. Mov Disord. 
2014;29(8):967–75. 
 37. Masters RS, Pall HS, MacMahon KM, Eves FF. Duration of Parkinson disease 
is associated with an increased propensity for “reinvestment’’. Neuroreha-
bil Neural Repair. 2007;21(2):123–6. 
 38. Jones D, Rochester L, Birleson A, Hetherington V, Nieuwboer A, Willems 
A-M, et al. Everyday walking with Parkinson’s disease: understanding 
personal challenges and strategies. Disabil Rehabil. 2008;30(16):1213–21. 
 39. Young WR, Williams AM. How fear of falling can increase fall-risk in older 
adults: Applying psychological theory to practical observations. Gait 
Posture. 2015;1(41):1. 
 40. Kleynen M, Jie LJ, Theunissen K, Rasquin SM, Masters RS, Meijer K, et al. 
The immediate influence of implicit motor learning strategies on 
spatiotemporal gait parameters in stroke patients: a randomized within-
subjects design. Clin Rehabil. 2019;33(4):619–30. 
 41. Kleynen M, Wilson MR, Jie LJ, te Lintel Hekkert F, Goodwin VA, Braun SM. 
Exploring the utility of analogies in motor learning after stroke: a feasibil-
ity study. Int J Rehabil Res. 2014;1(37):277–80. 
 42. Liao C-M, Masters RSW. Analogy learning: A means to implicit motor 
learning. J Sports Sci. 2001;19(5):307–19. 
 43. Lam WK, Maxwell JP, Masters RS. Analogy versus explicit learning of a 
modified basketball shooting task: performance and kinematic out-
comes. J Sports Sci. 2009;1(27):2. 
 44. Jie LJ, Goodwin V, Kleynen M, Braun S, Nunns M, Wilson M. Analogy learn-
ing in Parkinson’s disease: a proof-of-concept study. Int J Ther Rehabil. 
2016;2(23):3. 
 45. Young WR, Shreve L, Quinn EJ, Craig C, Bronte-Stewart H. Auditory cueing 
in Parkinson’s patients with freezing of gait. What matters most: action-
relevance or cue-continuity? Neuropsychologia. 2016;87:54–62. 
 46. Giladi N, Shabtai H, Simon ES, Biran S, Tal J, Korczyn AD. Construction of 
freezing of gait questionnaire for patients with Parkinsonism. Parkinson-
ism Relat Disord. 2000;1(6):3. 
 47. Borson S, Scanlan JM, Chen P, Ganguli M. The Mini-Cog as a screen for 
dementia: validation in a population-based sample. J Am Geriatr Soc. 
2003;51(10):1451–4. 
 48. Nantel J, de Solages C, Bronte-Stewart H. Repetitive stepping in place 
identifies and measures freezing episodes in subjects with Parkinson’s 
disease. Gait Posture. 2011;34(3):329–33. 
 49. Poolton JM, Masters RS, Maxwell JP. The influence of analogy learning on 
decision-making in table tennis: evidence from behavioural data. Psychol 
Sport Exerc. 2006;1(7):6. 
 50. Mickelborough J, Van Der Linden ML, Richards J, Ennos AR. Validity and 
reliability of a kinematic protocol for determining foot contact events. 
Gait Posture. 2000;1(11):32–7. 
 51. Schaafsma JD, Balash Y, Gurevich T, Bartels AL, Hausdorff JM, Giladi N. 
Characterization of freezing of gait subtypes and the response of each to 
levodopa in Parkinson’s disease. Eur J Neurol. 2003;10(4):391–8. 
 52. Plate A, Klein K, Pelykh O, Singh A, Bötzel K. Anticipatory postural adjust-
ments are unaffected by age and are not absent in patients with the 
freezing of gait phenomenon. Exp brain Res. 2016;234(9):2609–18. 
 53. Schoneburg B, Mancini M, Horak F, Nutt JG. Framework for understanding 
balance dysfunction in Parkinson’s disease. Mov Disord. 2013;15(28):11. 
 54. D’ostilio K, Garraux G. Brain mechanisms underlying automatic and 
unconscious control of motor action. Front Hum Neurosci. 2012;6:265. 
 55. Carlsen AN, Dakin CJ, Chua R, Franks IM. Startle produces early response 
latencies that are distinct from stimulus intensity effects. Exp brain Res. 
2007;1(176):2. 
 56. Bloem BR, Grimbergen YA, van Dijk JG, Munneke M. The, “posture second” 
strategy: a review of wrong priorities in Parkinson’s disease. J Neurol Sci. 
2006;25(248 (1–2)):196–204. 
 57. King LA, Horak FB. Delaying mobility disability in people with Parkin-
son disease using a sensorimotor agility exercise program. Phys Ther. 
2009;1(89):4. 
 58. Young WR, Rodger MW, Craig CM. Auditory observation of stepping 
actions can cue both spatial and temporal components of gait in Parkin-
son׳ s disease patients. Neuropsychologia. 2014;1(57):140–53. 
 59. Camicioli R, Oken BS, Sexton G, Kaye JA, Nutt JG. Verbal fluency task 
affects gait in Parkinson’s disease with motor freezing. J Geriatr Psychiatry 
Neurol. 1998;11(4):181–5. 
 60. de Souza Fortaleza AC, Mancini M, Carlson-Kuhta P, King LA, Nutt JG, 
Chagas EF, et al. Dual task interference on postural sway, postural transi-
tions and gait in people with Parkinson’s disease and freezing of gait. Gait 
Posture. 2017;56:76–81. 
 61. Shallice T, Burgess P. The domain of supervisory processes and temporal 
organization of behaviour. Philos Trans R Soc London Ser B Biol Sci. 
1996;29(351):1346. 
 62. Ehgoetz Martens KA, Shine JM, Walton CC, Georgiades MJ, Gilat M, Hall 
JM, et al. Evidence for subtypes of freezing of gait in Parkinson’s disease. 
Mov Disord. 2018;33(7):1174–8. 
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
